In view of such problems as halo and color distortion for the traditional Retinex enhancement algorithm, an improved Retinex image enhancement algorithm based on bilateral filtering was proposed. In the HSI color space, firstly, the gamma correction was utilized to adjust the brightness of the image. And then, the image was decomposed into the illuminant image and the reflected image using the bilateral filter. Afterwards, the dynamic range of the illuminant image was compressed and the local contrast of the reflected image was enhanced. Finally, the saturation S was adjusted adaptively according to the correlation coefficient between the saturation S and the brightness I. The experimental results indicated that, the improved algorithm could not only suppress the halo and color distortion effectively, but maintain the color saturation and image authenticity, when was applied to color image. Thus, it was very conducive to the practical application of computer vision technology.
Introduction
The uneven illumination, particularly high dynamic lighting environment, causes many problems. For example, the images acquired by digital cameras, camcorders, or other terminals tend to be too bright or dark in certain areas, the target is difficult to be identified and some other issues.
To solve the problems for the quality of image acquisition caused by uneven illumination, a series of methods had been put forward successively, including histogram equalization, image enhancement in gradient field, homomorphic filter and the Retinex theory. Among these methods, the Retinex has become a research hotspot recently as it could achieve a good balance in dynamic range compression, edge enhancement and color constancy [1] . There are three classical algorithms based on the Retinex theory, they are SSR (Single Scale Retinex), MSR (Single Scale Retinex) and MSRCR (Multi-Scale Retinex with Color Restoration). However, SSR could only choose one dimension, it was difficult to simultaneously ensure the dynamic range compression and color fidelity [1, 2] . Although MSR can ensure the dynamic range compression and color fidelity, it could not achieve the high color fidelity, as it simply weighted the different scales linearly [3] . While MSRCR could achieve color fidelity much further, it was not conducive to real-time applications, because a lot of parameters needed to be set [4] . Furthermore, the above three algorithms may produce halo and color distortion in high contrast regions [5] , since the illuminant image was obtained by Gaussian low-filter.
In order to overcome such problems as halo and color distortion for the traditional Retinex, many improved algorithms have been proposed. For example, the halo was reduced through bilateral filter to obtain the illuminant image, but due to being ignorant of the correlations between each channel of the color image, it could not decrease the color distortion [6] . Based on this, some researchers combined the Weber's law converted the image into HSV space, which realized the reduction of both halo and color distortion. However, it was not conducive to real-time application, as a lot of parameters needed to be set [7] .
To further reduce halo and color distortion, this paper has proposed an improved Retinex image enhancement algorithm based on bilateral filter. And the results demonstrated that it could suppress both the halo and color distortion effectively.
Retinex theory and its typical algorithms
Retinex (abbreviation of Retina and Cortex) theory is a model been used to explain how the human visual system perceive color and brightness of objects [8, 9] . It is also the interpretation of color constancy indicating the color of the same objects is constant, though they are under different lighting. Briefly, the basic principle of Retinex theory is that the original image can be divided into illuminant and reflected image, and the enhancement can be achieved through reducing the effects of illuminant image on the reflected. AS shown as in formula (1):
Where   [10] . And the illuminant image is also obtained by Gaussian low-filter as in formula (2):
is Gaussian surrounding function as in formula (3), (4) :
Where  is a normalization constant;  is the scale of surrounding function, and the smaller  is, the more contrast is enhanced, but the more distinct the halo phenomenon becomes. Conversely, the larger  is, although the less contrast is enhanced, the more effectively the halo is suppressed. Large numbers of experiments indicate that, if  is between 80 and 100, the balance can be maintained.
2.2 Multi-scale Retinex （MSR） MSR with the characteristics of high, medium and low dimensions is a summary of SSR. The specific expression is described as follows:
Where k W represents the weights associated with Gaussian function; k represents the number of Gaussian function or surrounding scale. And when k equals to 1, the MSR will turn into SSR. For color images, SSR,i R represents the SSR result of scale k and channel i .
Multi-Scale Retinex with Color Restoration （MSRCR）
The MSRCR algorithm uses a set of color recovery factors, and then multiplies by the result of MSR as in formula (6), (7):
Where
is the color recovery factor. Lots of experiments show that, though the color recovery factor can increase the saturation, there is still some color distortion.
Improved Retinex algorithm based on bilateral filter
3.1 Improvement thought 1) Conversion to HSI color space Traditional Retinex took the same measures on three channels of color image, which may lead to the color distortion [11] . To avoid mutual interference between respective channels, all operations of our method were completed in the HSI space.
2) Enhancement of channel I As the brightness of the original image was low, the contrast was not high. So, the improved gamma correction [6] was utilized to enhance contrast and the details of original image. And the improved gamma correction is described as follows: ) (x y is the output value; a is the control parameter, between 0 and 1. And different values of a represents different correction function. The brightness of image can be mapped through adjusting parameter a , as in figure 1: the smaller a is, the more effective for some images whose overall brightness is small. Conversely, the larger a is, the more effective for some images whose overall brightness is larger.
3) Estimation of illuminant image by bilateral filter As the Gaussian filter characterized by isotropy and only considering the position of the surrounding pixels which may result in halo. So, this paper adopted the anisotropic bilateral filter to estimate the illuminant image more accurately, which considered both the location and the value of the surrounding pixels [12] .
4) Compression of illuminant image
For the purpose of meeting hypothesis proposed by the Retinex, which the light changes were gradual. The improved gamma correction was used to compress the dynamic range of illuminant image, and reduce the rapid changes in actual lighting.
5) Enhancement of reflected image and saturation S In order to further highlight the image details and achieve better visual effects, the local contrast enhancement based on local statistical method was adopted on the reflected image [13] . As the image enhancement based on HSI space only enhanced the brightness, the color sense would be inconsistent with the original [14] . Thus, we adjusted the saturation S adaptively according to the correlation coefficient between the saturation S and the brightness I.
3.2 Implementation steps 1) Compression of the dynamic range The gamma correction was used to enhance the channel I as in formula (9):
respectively represents the value of channel I before and after enhancement.
2) Estimation and compression for illuminant image a) Estimation for the illuminant image The estimation for illuminant image by bilateral filter is described as follows:
, and 
respectively represents the brightness of output and input; ) , ( _ y x g represents neighborhood mean of 3 3 regions; k is the gain coefficient, between 0 and 1, and the more k is, the more obvious the effect is. The weighting coefficient  , between 0 and 1, was added to realize the partial elimination of illuminant image.
4) Adjustment for channel S to make the color more rich and natural
respectively represents the saturation before and after correction. t is a proportional coefficient, between 0 and 1; ) , ( y x  is correlation coefficient between saturation S and brightness I before correction.
The figure 2 gives an overall summary of the proposed method.
Experimental results and discussion
To validate the performance of the proposed method, we took four images commonly used in high dynamic light environment for experimental objects, and comparing with SSR, MSR and MSRCR from subjective and objective aspects.
4.1 Subjective evaluation From figure 3(a), 3(b), 3(c) and 3(d), we could see that the overall contrast was poor. And from the corresponding histograms, as the probability of pixels with low gray value was relatively higher than high value ones, thus, the overall gray scale of the image was low.
The images enhanced by SSR, MSR, MSRCR, although the details and contrast was enhanced, there was excessive enhancement and color distortion. However, the color distortion for MSRCR was slightly weakened. And from the corresponding histograms, we could also see that the gray scale distributions were basically the same. As shown in figure 3(h), 3(l), 3(p) and 3(t) , the proposed method could not only achieve detail enhancement in dark areas and suppress the excessive enhancement, color distortion, but also maintain the authenticity. And from the corresponding histograms, we could see distribution was more uniform and the contrast was higher.
Objective evaluation
This paper compared these methods from the clarity, entropy and the running time. And the higher clarity is, the more rich the image details are, the sharper the outline of object edge becomes [15] . The larger entropy represents more information and more obvious details of the texture are. The shorter running time denotes the algorithm is much more real-time. All these three indicators are described as follows: From table 1, we could see the clarity and information entropy of figure 3(1), 3(b) was improved comparing with the original image. However, the clarity of the two images, and the entropy of figure 3(d) was not improved. Besides, the indicator values had little difference between the three algorithms. For our method, the entropy had different degrees of increase, comparing with the image before and processed by SSR, MSR, and was only slightly lower than MSRCR. In addition, the clarity was much larger than the original image and the three former algorithms. Since the enhancement effect was improved at algorithm complexity expense, the running speed was followed by SSR, MSR, MSRCR and our method from fast to slow. Note: C, E, T respectively represents Clarity, Entropy and Running time (/s).
Conclusion
For the purpose of solving such problems as halo and color distortion for the traditional Retinex enhancement algorithm, an improved Retinex image enhancement algorithm based on bilateral filtering was proposed. In the HSI color space, firstly the dynamic range of both original image and illuminant image obtained by bilateral filter was compressed to varying degrees; and then enhanced the reflected image and adjusted saturation S adaptively. Finally, converted the image into RGB space. The experimental results indicated that, the proposed algorithm could not only suppress the halo and color distortion, but achieve good effects in detail enhancement and color fidelity. In subsequent work, we will further optimize the algorithm to improve real-time performance, and carry out the research of practical application.
